The characteristics of the lesion causing paresis were putaminal hemorrhage in 19 patients, thalamic hemorrhage in 10 patients, and striatocapsular bland infarction in 17 patients. Each participant's stated handedness was confirmed during focused interviews in which the Edinburgh inventory was used. 32 Motor function of the paretic hand was evaluated and graded according to a modified Brunnstrom classification (Table 1) . 5 Subsequently, patients were classified into the three groups based on serial ratings of functional recovery, which was evaluated during a period lasting at least 3 months from the time of onset of stroke by examiners blinded to the fMR imaging results (Fig. 1 ). The first group was composed of patients with the rapid, good recoveries. Patients in this group attained good functional recoveries (Stage 5 or 6 of the modified Brunnstrom classification) within 1 month after stroke onset. The second group was composed of patients with slow, good recoveries. These patients had severe residual hemiparesis (Stages 1-4) 1 month after stroke onset, but this improved to good recovery (Stage 5 or 6) by the end of the 3rd month after stroke onset. The third group was composed of patients with slow, poor recoveries. Patients in this category had severe residual hemiparesis (Stages 1-4) 1 month following the onset of stroke and continued to display significant deficits (Stages 1-4) at the end of the 3rd month poststroke. Patients were examined and rated at weekly intervals for the first 4 weeks after stroke onset and at 2 to 3-week intervals thereafter for a total of at least 3 months. All patients were treated using a similar rehabilitation protocol.
Data Acquisition
A research MR imaging system (Signa; General Electric Medical Systems, Waukesha, WI) with a superconductive magnet operated at 3 tesla (Magnex, Yarnton, UK) was used to perform all imaging studies. To ensure that patients had reached maximum functional recovery, fMR imaging studies were performed 3 to 6 months after stroke onset. Studies were performed in compliance with the human research guidelines of the internal review board of the University of Niigata. For evaluation of motor cortical function, the self-paced grasp task was chosen to minimize effort on the part of the study participants. The participants were instructed to perform self-paced grasps at a rate of approximately one grasp per second. If this rate resulted in great effort, the participants were told to adjust their grasp rate. Once the rate (adjusted if necessary) was established, the participants were asked not to change the rate within and between sessions. Study participants underwent several trial runs both inside and outside the magnet before the fMR imaging studies were performed to ascertain the patients' and volunteers' proper understanding and performance. Their performance during fMR imaging studies was monitored using a charge-coupled device camera and the grasp rate was recorded for each session. Participants who exhibited more than a 10% difference in rate within or between sessions, compared with the mean, repeated the session. No mirror movements (associated contralateral hand movements) were observed in any patient. Each session consisted of multiple 30-second epochs. A total of nine 30-second epochs were organized in a boxcar configuration with an RMRMRMR sequence, in which R and M indicated rest and motion, respectively. Gradient-echo echo-planar images were obtained using the following parameter: field of view 40 ϫ 20 cm, matrix 128 ϫ 64, slice thickness 5 mm, and TR 1 second. Spatial resolution was approximately 3 ϫ 3 ϫ 5 mm. To obtain high-field homogeneity, each slab was restricted to 30 mm. Four consecutive 5-mm slices with an interslice gap of 2.5 mm were obtained during a single session. Sessions that demonstrated brain motion exceeding 0.6 mm were repeated to avoid pixel misalignment being mistaken for activation.
28,29

Statistical Analysis
Statistical analysis of the data was conducted at two levels. First, task-related activation was evaluated on an individual basis. Subsequently, the data from each participant were incorporated into a second-level analysis of group effects. This multiparticipant analysis was performed on the basis of the activation frequency in the motor areas by using a multiple comparison method.
Individual Analysis. Functional MR imaging time series data, consisting of consecutive echo-planar images for each slice, were analyzed using appropriate computer software (SPM99; Wellcome Department of Cognitive Neurology, London, UK). Data smoothing was accomplished using a 3-mm full width at half maximum kernel. Statistical analysis was performed using a delayed boxcar hemodynamic model function in the context of the general linear model, used by the SPM99 software. To minimize the effects of physiological noise, a high-pass filter and global normalization (proportional scaling) were applied within the design matrix. Signals were proportionally scaled by setting the whole-brain mean value to 100 arbitrary units. Specific effects were tested by applying appropriate linear contrasts to the parameter estimates for each condition, yielding a t statistic for each and every voxel. These t statistics, which were transformed to Z statistics, constituted an activation map (fMR images). Functional maps were presented as the contrast between two specified conditions and demonstrated activated areas that conformed to the statistical criteria of significance (p Ͻ 0.0001). Data were analyzed and reproducibility was confirmed for each participant individually. Anatomical identification of activated areas was performed on an individual basis by mapping sites of activation onto high-resolution anatomical images obtained in the same individual by using identical coordinates. 17 All individual activation patterns were determined using fMR imaging studies performed 3 to 6 months after stroke onset.
Multiparticipant Analysis. The activation was defined as positive if the cluster of activation at the given volume of interest consisted of at least four confounded pixels. Multiparticipant analysis was performed on the basis of the activation frequency in motor areas by using a multiple comparison method. The following six motor areas were subjected to evaluation: right and left SM1s, right and left SMAs, and right and left intermediate zones of the anterior cerebellar lobe (anterior cerebellum). Statistical assessments were performed by application of the Ryan multiple comparison test, the Cochran-Armitage method, the Fisher exact probability test, and a principal component analysis with varimax rotation, as indicated in the tables. For all tests, statistical significance was accepted as a two-tailed probability value less than 0.05.
Results
Based on the serial functional ratings described in Clinical Material and Methods, three distinct time courses of functional recovery rates were identified and are schematically shown in Fig. 1 . Representative fMR images of individuals (healthy volunteers and patients with right or left hemiparesis) are shown in Fig. 2 . The results of the multiparticipant analysis are summarized in Tables 2 through  4 and key findings are schematically presented in Figs. 3 through 5. In these figures, the size of each circle provides a relative indication of the number of participants in whom activation of the indicated anatomical site was observed.
Multiparticipant Analysis
The data sets containing individual activation maps and their activation frequencies were statistically analyzed from both temporal ( Table 2 ) and functional (Table 3) standpoints.
Motor Cortical Function and Recovery Time
To evaluate associations between the changes in motor cortical function and the time interval from stroke onset to recovery, the frequency of activation associated with the hand-motor task was statistically assessed in healthy volunteers, patients with rapid recoveries, and patients with slow recoveries. In the rapid-recovery patient group, regardless of the side of the stroke, almost no significant difference was observed in activation frequency compared with the healthy volunteer group (Table 2 and Figs. 3 and 4). The frequency of activation associated with motion of the paretic hand in the slow-recovery patient group was significantly higher in the ipsilateral SM1 and SMA and the contralateral anterior cerebellum and significantly lower in the ipsilateral anterior cerebellum than in corresponding sites in healthy volunteers. Regardless of final clinical outcome, the slow-recovery patient group exhibited a significantly higher frequency of ipsilateral hemispheric activation compared with healthy volunteers. The frequency of paradoxical ipsilateral SM1 activation associated with motion of the nonparetic hand increased significantly during left-hand motion in patients with right hemiparesis, but not during right-hand motion in patients with left hemiparesis. (Recall that all stroke patients were right handed before onset of hemiparesis.) * Among patients with rapid recoveries, 11 had suffered an intracerebral hemorrhage (ICH) and five a striatocapsular bland infarction (SBI). Among patients with slow, poor recoveries, nine had suffered an ICH and five an SBI. Among patients with slow, good recoveries, nine had suffered an ICH and seven an SBI. All patients with stroke were right handed before injuries. Abbreviations: cACL = contralateral ACL; cSMA = contralateral SMA; cSM1 = contralateral SM1; iACL = ipsilateral ACL; iSMA = ipsilateral SMA; iSM1 = ipsilateral SM1.
† Cortical region with significantly increased (p Ͻ 0.05) cortical activation according to functional recovery in the patient 1 month after stroke onset (Cochran-Armitage test).
‡ Patient group with significantly higher (p Ͻ 0.05) frequency of cortical activation than patients with rapid recovery (Ryan multiple comparison).
§ Coactivation of two motor areas.
Motor Cortical Function and Functional Recovery
To assess associations between changes in motor cortical function and functional recovery, the activation frequencies among patients with rapid recoveries, those with slow, poor recoveries, and those with slow, good recoveries were evaluated statistically (Table 3 and Fig. 5 ). Patients with slow, good recoveries exhibited a significantly higher frequency of ipsilateral (SM1 and SMA) activation and coactivation of the ipsilateral SM1 and the contralateral anterior cerebellum associated with motion of the paretic hand than patients who made rapid recoveries. Patients with slow, poor recoveries also demonstrated a higher frequency of ipsilateral SM1 activation associated with motion of the paretic hand than those with rapid, good recoveries. The frequency of ipsilateral hemispheric activation and coactivation of ipsilateral SM1 and contralateral anterior cerebellum was even higher in patients who eventually displayed significant functional recovery (slow, good recovery group) compared with patients who did not regain significant functional recovery (slow, poor recovery group).
Functional Correlation Analysis
The interrelations between motor cortical areas in patients who attained rapid, good recoveries; slow, poor recoveries; and slow, good recoveries were further assessed statistically by application of univariate and multivariate methods (Table 4) in an attempt to understand the mechanisms underlying the observed changes in motor cortical function after stroke. Correlation analysis revealed that activation of the ipsilateral and contralateral SMAs was significantly coupled in the slow, poor recovery group, whereas the ipsilateral SM1 and contralateral anterior cerebellum, and the ipsilateral and contralateral anterior cerebellum were significantly coupled in the slow, good recovery group (Table 4 ). In the patients with rapid, good recoveries, no significant correlation between motor areas was found.
Discussion
Rapid Compared With Slow Recovery Processes
The rapid and slow recovery patient groups demonstrated a clear difference in activation patterns. Although the former group were found to have activation indistinguishable from that of the healthy volunteer group, the latter patient group showed significant involvement of the hemisphere ipsilateral to the paretic hand. Moreover, good functional recovery of the paretic hand within 1 month poststroke did not significantly trigger motor reorganization involving the hemisphere ipsilateral to the paretic hand. These observations indicate that there is a critical time period that determines involvement of the hemisphere ipsilateral to the paretic hand in the process of functional recovery. Furthermore, the observations strongly indicate that the process of functional recovery is not a single continuous process. Rather, it has two separate phases. Phase I represents the process of recovery and/or reorganization of the original system. Patients who attained good functional recovery within 1 month demonstrated only Phase I of the recovery process. Patients who did not achieve significant recovery of the original system within 1 month entered Phase II of the recovery process, as later evidenced by the fMR imaging activation pattern. Phase II involves reorganization of the secondary system in the hemisphere ipsilateral to the paretic hand.
Electrophysiological support for the findings of the cur- rent study is provided by Netz, et al. 31 In their study, in which transcranial magnetic stimulation was used, these authors reported that ipsilateral responses were recorded after stimulation of the unaffected hemisphere only in stroke patients who had poor functional recoveries, but not in patients who attained good recoveries. Because their study was based on patients who recovered early, their good-and poor-recovery groups correspond to the rapid-and slow-recovery patient groups in our study, respectively.
Our findings have important implications for clinical practice. Because it appears that recovery is a bimodal process, entry into Phase II should be considered to be another beginning in the functional recovery process. Rehabilitation efforts need to distinguish between the two phases, namely, the rapid recovery of the original system of Phase I and the slower recovery with secondary system reorganization of Phase II, and apply treatment strategies appropriate for the particular phase. Prognostic judgment should also be adjusted once a patient enters Phase II of the recovery process.
Because the current study was designed for a multiparticipant analysis, it is difficult to make specific comments regarding individual prognosis. It can be inferred, however, that bihemispheric activation in subcortical hemiparesis has a differential clinical significance, depending on how soon it is observed after stroke onset. The observation of bihemispheric activation early in the period of recovery is a relatively poor prognostic sign because it signifies nonrecovery of the original system and entry into Phase II, in which functional recovery depends on successful cortical reorganization involving the ipsilateral hemisphere.
Prognostic Factors for Patients With Slow Recoveries
Correlation analysis demonstrated that activation of two major components of the secondary system, namely the ipsilateral SM1 and the contralateral anterior cerebellum, demonstrated significant linkage in patients who showed slow but good recoveries. It is highly plausible that the observed coactivation of the ipsilateral SM1 and contralateral anterior cerebellum indicates a linked functionality of these two areas and the successful reorganization of motor circuitry from the primary to the secondary system. Hence, the coactivation of the ipsilateral SM1 and contralateral anterior cerebellum is also expected to be the prognostic indicator for functional recovery.
An intriguing finding is the significantly correlated coactivation of the contralateral and ipsilateral SMAs in the slow, poor recovery group. Whether this coactivation is an epiphenomenon or adversely influences the proper reorganization process is unclear. Nevertheless, this observation may potentially lead to new treatment modalities for those patients who fail to show significant functional recovery within the first 3 months. Bilateral interruption of the interhemispheric connections of the SMAs may facilitate cortical reorganization and effective functional recovery.
Dominant Compared With Nondominant Hand
All patients in this study had been right handed before stroke onset. Our findings demonstrated that the activation pattern associated with motion of the unaffected hand was significantly different, depending on whether the paretic hand was the dominant or nondominant hand. Although the motion of the intact right hand in patients with left hemiparesis did not produce significant activation of the hemisphere ipsilateral to the moving hand (the right hemi- FIG. 5 . Schematic summary of multiparticipant analysis of patients with stroke. The size of each circle provides a relative indication of the number of patients in whom activation of the specific anatomical site was observed relative to patients with rapid recoveries. Asterisk indicates a significant increase in the frequency of activation of this patient group compared with the rapid recovery group. Solid arrows indicate a significant increase in the frequency of coactivations of two motor areas compared with the rapid recovery group. Open arrow indicates the lesion.
sphere), activation of the hemisphere ipsilateral to the moving hand (in this case the left hemisphere) occurred significantly frequently in association with motion of the intact left hand in patients with right hemiparesis. These observations suggest the presence of a specific neural organization defining handedness.
In humans, exclusive use of a hand is well known to be an actively, rather than passively, organized motor function, a phenomenon clearly demonstrated by physiological mirrored movements in infants. 12, 20 Mirror movements are involuntary movements of a limb that occur as the mirrored reversal of intended movements of the contralateral limb. They are present physiologically in infants, and commonly persist as a normal phenomenon in young children. Their disappearance, usually after the first decade of life, coincides with the completion of myelination of the corpus callosum. 22, 23, 27, 40 Interhemispheric inhibition of ipsilateral motor pathways that mediate mirror movements is believed to be responsible for the suppression of these movements. 30 When present in the healthy right-handed adult, mirror movements are more conspicuous when the right hand performs the experimental task. 2, 42 A recent fMR imaging study based on a paradigm of exclusive usage of a hand provided direct evidence for this inhibition by demonstrating a no-motion area within the premotor cortex ipsilateral to the moving hand. 29 This no-motion area is believed to confer an inhibitory influence on the neighboring motor cortex, thus preventing motion of the hand contralateral to the moving hand. It is found almost exclusively in the right hemisphere in healthy right-handed volunteers and appears to effect inhibition of the nondominant hand during dominant hand motion.
Our activation results in the present study demonstrated that, although no paradoxical activation of the ipsilateral (right) SM1 was detected during motion of the intact right hand in right-handed patients with left hemiparesis, premorbidly right-handed patients with right hemiparesis were found to have a significant paradoxical activation of the ipsilateral (left) SM1 during motion of the intact left hand. These results can be readily explained by a model incorporating an interhemispheric inhibitory pathway and the nomotion area described earlier.
Role of the Ipsilateral Pathway in Functional Recovery
Although axon sprouting 35 is believed to be important in functional recovery of regional reorganization within a microenvironment similar to peripheral nerve injury, it is unlikely to play a serious role in the large-scale connectivity reorganization in stroke patients. 13, 34 Instead reorganization may be accomplished through recruitment of alternative pathways, namely, the crossed corticospinal tract, uncrossed corticospinal tract, corticoreticular tracts, and pathways from other motor cortices. 11 The results of the current study indicate involvement of an ipsilateral alternative pathway in the functional recovery of patients in the slow-recovery group.
The findings of electrophysiological studies support the notion that uncrossed corticoreticulospinal pathways 3, 8, 16, 33 and the uncrossed lateral corticospinal tract 7, 14, 31 may serve as ipsilateral pathways. Fisher 15 reported on two stroke patients whose functionally recovered limbs were paralyzed again by a second stroke contralateral to the first stroke, suggesting the importance of an uncrossed corticospinal tract for motor compensation. In a report on experiments in monkeys, Lawrence and Kuypers 25, 26 have suggested the importance for recovery of uncrossed corticoreticulospinal pathways as alternative pathways of the crossed corticospinal tract. Several lines of evidence indicate that an interhemispheric functional disinhibition of the contralateral motor cortices is important for recruiting the ipsilateral pathway as an alternative pathway. 18, 36, 44 Our findings are consistent with these reported observations.
Role of the SMA in Functional Recovery
Despite the efforts of a number of investigators, the function of the human SMA remains unclear. 4, 37, 39, 41 Increased activity in the SMA has been reported to be associated with initiation, programming, selection, learning, and responsiveness to internal cuing of movements, or to the selection of the appropriate neuronal populations necessary to execute a movement. In monkeys, neural activity in the SMA increases after recovery from lesions of the primary motor cortex. 1 Increased SMA activity in motor reorganization of stroke patients has also been observed on functional imaging studies. 10, 21, 44 Findings of the present study suggest a more complex role of the SMA in motor reorganization and functional recovery.
Following the standard concept that the SMA represents a part of the hemispheric motor control system, the increased activation of ipsilateral SMA in the slow-recovery patient group would simply imply motor reorganization of an ipsilateral motor pathway. Intriguingly, activation of the ipsilateral SMA and SM1 did not demonstrate significant correlation with good functional outcome in the slow-recovery patient group as did linked activation of the ipsilateral SM1 and contralateral anterior cerebellum. Furthermore, even though physiological, bilateral connectivity of the SMA is well known, 41 activation of the ipsilateral and contralateral SMAs showed significant correlation with poor functional outcomes in the slow, poor recovery patient group. Future investigation on the specific role of the SMA in functional reorganization is clearly warranted.
Task Performance and Motor Demand
There have been several publications on the relationship between task performance and motor demand. Authors of positron emission tomography studies have reported that increased effort is likely to lead to recruitment of more motor areas.
9,38,39 Gerloff, et al., 19 found that the internal pacing of movement posed higher demands on the motor system than external pacing movements, resulting in an increase in the chances of both medial and ipsilateral activations. Therefore, prudence dictates the cautious interpretation of activation maps in patients with severe hemiparesis because such patients may exert different degrees of absolute force and different degrees of effort. In the present study we used a self-paced grasp task to minimize the patient's effort. Furthermore, the performance of the patient was monitored and controlled to the extent feasible. Despite the lack of difference in motor function between patients who attained slow, good recoveries and those with rapid, good recoveries, significant differences in cortical function were observed between these two groups. It is therefore likely that the ob-served differences in motor cortical function between the two groups reflect functional reorganization rather than a consequence of higher applied force or increased effort in some patients.
Conclusions
Functional recovery in patients with hemiparesis originating subcortically showed two distinct phases of the recovery process involving entirely different neural mechanisms. Phase I is characterized by the process of recovery and/or reorganization of the primary system. Successful recovery of this system is typically reached within 1 month after stroke onset. Its clinical correlate is a rapid recovery course and significant recovery of function within 1 month after stroke onset. Failure of recovery of the primary system shifts the recovery process to Phase II, during which reorganization involving the ipsilateral pathway, takes place. The clinical correlate of Phase II is a slow recovery course with variable functional outcome. Effective functional organization of the ipsilateral pathway, as identified by linked activation of the ipsilateral SM1 and contralateral anterior cerebellum, is correlated with good prognostic outcome of patients in the slow recovery group. The degree of connectivity between the bilateral SMAs appears to influence prognosis, in that a tight connectivity may adversely affect functional recovery.
